


















C osm ic N eutrinos
Chris Q uigg
Ferm i National Accelerator Laboratory,
P.O . Box 500, Batavia, Illinois 60510 USA
and
Theory G roup, Physics Departm ent,
CERN, CH-1211 G eneva 23, Switzerland
Irecalltheplaceofneutrinosin theelectroweak theory and sum m arizewhatweknow aboutneu-
trino m assand avorchange.Inextreview theessentialcharacteristicsexpected forrelic neutrinos
and survey what we can say about the neutrino contribution to the dark m atter ofthe Universe.
Then Idiscuss the standard-m odelinteractions ofultrahigh-energy neutrinos,paying attention to
theconsequencesofneutrino oscillations,and illustrate a few topicsofinterestto neutrino observa-
tories.Iconcludewith shortcom m entson therem otepossibility ofdetectingrelicneutrinosthrough
annihilationsofultrahigh-energy neutrinosatthe Z resonance.
I. IN T R O D U C T IO N
Neutrinos are abundant,and they inltrate everything around us| even you and m e! Each second,som e 1014
neutrinosm adein theSun and abouta thousand neutrinosm adeby cosm icraysin Earth’satm ospherepassthrough
yourbody. O ther neutrinosreach usfrom naturaland articialsources: decaysofradioactive elem entsinside the
Earth [1,2,3],and em anationsfrom nuclearreactorsand particleaccelerators.Insideyourbody arem orethan 107
neutrinorelicsfrom theearly universe,provided thatneutrinosarestableon cosm ologicaltim escales.Thecalculated
relic density ofneutrinos and antineutrinosin the currentuniverse is ni0 = ni0  56 cm
 3 for each avor. The
neutrino gasthatwe believe perm eatesthe presentUniverse hasneverbeen detected directly.Im aginativeschem es
havebeen proposed to record theelasticscattering ofthe1.95-K relicneutrinos,butallappearto requiresignicant
furthertechnologicaldevelopm entbeforethey can approach the needed sensitivity [4,5,6].Becauseneutrinoshave
m ass,relicneutrinoswould constitutesom eofthedark m atteroftheuniverse.Neutrinosasdark m atterwillbeone
them e ofthislecture. The second m ajortopic willbe the interactionsofultrahigh-energy neutrinosand a cursory
lookattheprospectthatneutrinoobservatoriesm ay teach lessonsaboutparticlephysics[7].Then wewilllookbriey
at the possibility ofdetecting the relic neutrinos by observing the resonant annihilation ofextrem ely-high-energy
cosm icneutrinoson the background neutrinosthrough the reaction  ! Z0.
The background in cosm ology that underlies our discussion m ay be found in x19{23 ofthe Review ofParticle
Physics [8]orin any m odern textbook;ScottDodelson reviewed the essentialsin hiscourse atthisschool[9]. The
m onographsby Bahcall[10]and by G iunti& K im [11]treatm any topicsin neutrino astrophysics;Steen Hannestad’s
review articleon prim ordialneutrinos[12]and G ianpiero M angano’slecturenotes[13]encom passcosm ologicalcon-
straintson neutrinoproperties.The2007NeutrinoPhysicsSum m erSchoolatFerm ilab [14]provided acom prehensive
survey ofneutrino physics.Fora guide to the Russian literature,consultRef.[15].
According to the standard cosm ology,neutrinosshould be the m ostabundantparticlesin the Universe,afterthe
photonsofthe cosm ic m icrowavebackground,provided thatthey are stable overcosm ologicaltim es. Because they
interactonly weakly,neutrinosfelloutofequilibrium when the age ofthe Universe was 0:1 s(redshiftz  1010)
and thetem peratureoftheUniversewasa few M eV.Accordingly,relicneutrinoshavebeen present| aswitnessesor
participants| forlandm ark eventsin thehistory oftheUniverse:theera ofbig-bang nucleosynthesis,a few m inutes
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FIG .1: Left-handed doublets and right-handed singlets ofquarks and leptons that inspire the structure ofthe electroweak
theory.
intothelifeoftheUniverse[16,17];thedecouplingeraaround 379000 y [18],when thecosm icm icrowavebackground
wasim printed on thesurfaceoflastscattering;and theera oflarge-scalestructureform ation,when theUniversewas
only a few percentofits currentage [19,20]. Forrecentquantitative assessm entsofevidence thatneutrinos were
presentatthese tim es,seeRef.[21,22,23].
Som e ofthe earliest cosm ologicalbounds on neutrino m asses followed from the requirem ent that m assive relic
neutrinos,present today in the expected num bers,do not saturate the criticaldensity ofthe Universe [24, 25].
Rened analyses,incorporating constraintsfrom a suite ofcosm ologicalm easurem ents,sharpen the boundson the
sum oflight-neutrino m asses [26]. The discovery ofneutrino oscillations [27,28,29]im plies that neutrinos have
m ass,butwe cannotprecisely com pute the contribution ofrelic neutrinosto the dark m atterofthe Universe until
we establish the absolute scale ofneutrino m asses. Current estim ates for the neutrino fraction ofthe Universe’s
m ass{energy density lie in the range 0:1% < 

<
 a few % ,understandard assum ptions. The uncertainty reects
ourincom plete knowledgeofneutrino properties.
II. N EU T R IN O IN T ER A C T IO N S A N D P R O P ER T IES
A . N eutrinos in the Electrow eak T heory
Theelectroweaktheory em erged through trialand error,guided by experim ent.Theidealization thatneutrinosare
m asslessdid notow from any sound principle,butwasinferred from kinem aticalevidenceagainstm easurably large
m asses.Sinceferm ion m assnorm ally requireslinkingleft-handed and right-handed states,thepresum ed m asslessness
oftheneutrinoscould becaptured bytheom ission ofright-handed neutrinosfrom thetheory,consistentwith evidence
thate [30], [31,32],and (m uch later)[33]produced in charged-currentinteractionsareleft-handed.O n current
evidence,the correctelectroweak gauge sym m etry m eldsthe SU(2)L fam ily (weak-isospin)sym m etry suggested by
the left-handed doubletsofFigure1 with a U(1)
Y
weak-hyperchargephasesym m etry.1
1 See m y lectures atthe neutrino sum m erschool[34]foran inform albutthorough developm ent.
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TABLE I:Som e propertiesofthe leptons[8].
Lepton M ass Lifetim e
e < 2 eV
e
  0:510998918(44)M eV > 4:6 1026 y (90% CL)
 < 0:19 M eV (90% CL)

 
105:6583692(94)M eV 2:19703(4) 10
 6
s
 < 18:2 M eV (95% CL)

  1776:90 0:20 M eV 290:6 1:0 10 15 s
W e characterizethe SU(2)L 


























with weak isospin I = 1
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u = uR ;cR ;tR and R
(1;2;3)
d
= dR ;sR ;bR ; (2)
with weak hyperchargesY (Ru)=
4
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with weak isospin I = 1
2
and weak hyperchargeY (L‘)=   1;and the right-handed weak-isoscalarcharged leptons
Re;; = eR ;R ;R ; (4)
with weak hypercharge Y (R‘) =   2. (W eak isospin and weak hypercharge are related to electric charge through
Q = I3 +
1
2
Y .) Right-handed neutrinosareleftout.
I do not think that we know enough to specify a new (\") standard m odel,2 but the inference from neutrino
oscillationsthatneutrinoshavem assm akesittem pting to supposethatright-handed neutrinosdo exist,asindicated
in Figure 1. These right-handed neutrinos are sterile| inert with respect to the known interactions with ,left-
handed W ,and Z.Asweshallseein m oredetailin x IIE,neutrino m assescan evadethe usualrequirem entthata
(Dirac)ferm ion m asslink left-handed and right-handed states,provided thattheneutrino isitsown antiparticle.W e
cannotyetestablish theexistenceofright-handed neutrinos,butIwilltaketheirexistenceasa working hypothesis.
G iven theabsenceofdetectableright-handed charged-currentinteractions,itisnotsurprising thatwhatwesurm ise
aboutthe right-handed neutrinosisoflittle consequenceofm oststudiesofneutrino interactions.
B . First Look at N eutrino P roperties
Theleptonsareallspin-1
2
particlesthatweidealizeaspointlike,in lightofexperim entalevidencethatno internal
structurecan bediscerned ataresolution < few  10
 17 cm .W hatweknow oftheirm assesand lifetim esisgathered
in Table I. The kinem atically determ ined neutrino m assesare consistentwith zero;aswe shallsee in the following
2 Som e plausible denitions are explored in R efs.[35,36].
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x IIC,the observation ofneutrino oscillations im ply that the neutrinos have nonzero,and unequal,m asses. The
preferred reaction form easuring the m assofthe neutrino (m ixture)associated with the electron istritium -decay,
3H ! 3He e  e ; (5)
forwhich the endpointenergy isQ  18:57 keV. Sourcesofthe spectraldistortionsthatlim ited the sensitivity of
early experim ents are absent in m odern experim ents using free tritium . Nevertheless,detecting a sm allneutrino
m assisenorm ously challenging:the fraction ofcountsin the beta spectrum fora m asslessneutrino thatlie beyond
theendpointassociated with a 1-eV neutrino isbut2 10 13 ofthetotaldecay rate.TheK ATRIN experim ent[37],
which scalesup the intensity ofthe tritium beta sourceaswellasthe size and precision ofpreviousexperim entsby
an orderofm agnitude,isdesigned to m easurethem assoftheelectron neutrino directly with a sensitivity of0:2 eV.
M assless neutrinos are stable,but m assive neutrinos m ight decay. O ver a distance L,decay would deplete the








where c isthe speed oflightand  isthe Lorentz factor.A lim iton depletion thusim pliesa bound on the reduced
neutrino lifetim e,=m .Them oststringentsuch bound,derived from solar-and x-ray uxes,appliesforradiative
neutrino decay,=m > 7 109 s=eV [38,39].Thepresentbound on nonradiative decays,deduced from the survival
ofsolarneutrinos,isfarlessconstraining:=m > 10
 4 s=eV [40].W eshallhavem oreto say aboutprobing neutrino
instability in x IIIE.
C . Evidence for N eutrino O scillations
Ifneutrinos are m assless,we have the freedom to identify the m ass eigenstates with avor eigenstates,so the
leptonicweak interactionsareavorpreserving:W   ! ‘  ‘ and Z ! ‘‘,where‘= e;;.A neutrino thatm oves
atthe speed oflightcannotchangecharacterbetween production and subsequentinteraction,so m asslessneutrinos
do notm ix.
Tim epassesform assiveneutrinos,which donotm oveatthespeed oflight.Ifneutrinosofdeniteavor(e;;)
aresuperpositionsofdierentm asseigenstates(1;2;3),them asseigenstatesevolvein tim ewith dierentfrequen-
cies and so the superposition changes in tim e: a beam created as avor  evolves into a avor m ixture. The
essentialphenom enologicalfram ework iswellknown;3 wewillreview justenough to puttheobservationsin context.
W e achievean adequateorientation by sim plifying to the caseoftwo fam ilies.
Suppose thattwo avoreigenstates and  aresuperpositionsofthe m asseigenstatesi and j,such that
 = icos + jsin;  =   isin + jcos : (6)
The m ixing angle  should be predicted by an eventualtheory offerm ion m asses;for now,it is to be determ ined
experim entally.
Afterpropagatingovera distanceL,a beam created as with energy E hasa probability to m utateinto  given
by






wherem 2 = m 2j  m
2
i.ExtendingtheobservationsoftheK am iokaNDE experim ent[45],Super-K hasproduced very
com pelling evidence [46]that produced in the atm osphere disappear(into otheravors,dom inantly )during
propagation overlong distances. Theirevidence,in the form ofa zenith-angle distribution and the L=E plot,has
been conrm ed and rened by the long-baseline acceleratorexperim entsK 2K [47]and M INO S [48,49]. The m ost
3 O ne convenient reference for this audience is Boris K ayser’s course at the 2004 SLAC Sum m er Institute [41]. The N obellectures
ofR ay D avis [42]and M asatoshiK oshiba [43]are good sources for the history ofneutrino oscillation studies. Strum ia & V issani’s
protobook [44]contains a wealth ofexperim entalinform ation and analysis.
FERMILAB–CONF–07/417–T 5
FIG .2:Leftpane:Ratio ofthe spectrum ofneutrino-induced eventsin the M INO S fardetector,with neutral-currentevents
subtracted,to the null-oscillation prediction (points). The best-t oscillation expectation is overlaid as the solid red curve.
Right pane: prelim inary M INO S best t point (star),68% and 90% CL contours (red),com pared with 90% CL contours
determ ined in the Super-K am iokande zenith angle [46]and L=E analyses[50],aswellasthatfrom the K 2K experim ent[47]
[G raphsfrom Ref.[49]]
recentm easurem entscom efrom M INO S,som e735 km distantfrom Ferm ilab attheSoudan m inein M innesota.The
leftpaneofFigure2 showshow theiryield of events,com pared to theno-oscillation expectation,varieswith beam
energy atxed baseline| justasanticipated in the oscillation scenario.The rightpane ofFigure 2 sum m arizesthe
constraintson the m ixing angle and m ass-squared dierence from Super-K ,K 2K ,and M INO S.Currentevidence is
consistentwith m axim alm ixing and jm 2j 2:5 10 3 eV
2
.
No appreciableoscillation ofatm ospherice hasbeen observed,butavorchangehasbeen observed in neutrinos
created in theSun.Analysisofthesolarneutrino experim entsisa bitinvolved,becauseneutrinosexperiencem atter
eectsduring theirjourney outward from theproduction region.Theupshotisthatthe E   10 M eV
8B neutrinos
em erge asa nearly pure 2 m asseigenstate.Thus,they do notoscillate during the passagefrom Sun to Earth;the
avorchange hasalready happened within the Sun. The lowerenergy pp (E   200 keV)and
7Be(E   900 keV)
neutrinosarenotstrongly aected by m atterin theSun,and do undergo oscillationson theirSun{Earth trajectory.
TheK am LAND reactorexperim ent[29,51,52]hasseen a signalforvacuum neutrino oscillationsofe thatsupports
and renestheinterpretation ofthesolarneutrino experim ents.TheBorexino experim ent[53]hasforthersttim e
detected the 7Beneutrinos,again supporting the oscillation interpretation and param eters.
A decitofsolarneutrinosobserved ase,com pared with theexpectationsofthestandard solarm odel,had been
a feature ofdata for som e tim e. Ruling in favorofthe oscillation (neutrino-avor-change)hypothesis,asopposed
to a defective solar m odel,required the com bination ofseveralm easurem ents to dem onstrate that the m issing e
are presentas and  arriving from the Sun.The solarneutrinosare notenergetic enough to initiate  !  or
 !  transitions,but indirectm eanswere provided by the Sudbury Neutrino O bservatory,SNO ,a heavy-water
D 2O Cherenkov detector. The deuteron targetm akesitpossible to distinguish three kindsofneutrino interactions
sensitiveto dierently weighted m ixturesofe,.and .Thecharged-currentdeuteron dissociation [CC]reaction,
ed ! e
 
p p ; (8)
proceedsby W -boson exchange,and issensitiveonly to the e ux.Neutral-currentdissociation [NC],
‘d ! ‘ p n ; (9)
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 68%, 95%, 99% C.L.τµ
NCφ
FIG .3: Flux of +  neutrinosversusux ofelectron neutrinosdeterm ined in solar neutrino experim ents. The lled bands
indicate the CC,NC and ES ux m easurem ents. The Standard Solar M odel[56]predicts that the total
8
B solar neutrino
ux liesbetween the dashed lines.The totalux m easured with the NC channelisshown asthe solid (blue)band parallelto
the m odelprediction.The Super-K am iokande ES result[57]isthe dark narrow band within the (green)SNO ES band.The
intercepts ofthe experim entalbands with the axes represent  1 uncertainties. The point represents e from the CC ux
(red band)and  from the NC-CC dierence;the contoursrepresent68% ,95% ,and 99% C.L.[From Ref.[58]]
proceedsby Z exchange,and issensitive to the totalux ofactive neutrino speciese +  + .Elastic scattering
from electronsin thetarget[ES]issensitiveto a weighted average e +
1
7
( + )oftheactive-neutrino uxes,as
wecan see by inspecting the crosssections




















2 + R 2e=3

(W + Z-exchange) (10)
where the Zee chiralcouplingsare L‘ = 2sin
2
W   1   
1
2





. Thisreaction can be studied
aswellin ordinary water-Cherenkov detectors.
Super-K and SNO observations[28,54,55]are sum m arized in Figure 3. Taken together,they indicate thatthe
totalux agreeswith solarm odel,butonly 30% ofneutrinosarrive from the Sun ase. The nonzero value of
providesstrong evidence thatneutrinoscreated ase are transform ed into otheractive avors. Allthe evidence is
consistentwith the conclusion thate isdom inantly a m ixture oftwo m asseigenstates,designated 1 and 2,with




1  7:9 10
 5 eV
2
and m ixing anglesin2   0:3.No oscillation
phenom ena haveyetbeen established beyond the \atm ospheric" and \solar" sectors[59].
The atm ospheric and solarneutrino experim ents,with theirreactorand acceleratorcom plem ents,have partially
characterized theneutrino spectrum in term sofa closely spaced solarpair1 and 2,where1 istaken by convention
to be the lighter m em ber ofthe pair,and a third neutrino,m ore widely separated in m ass. W e do not yet know
whether3 liesabove (\norm alhierarchy")orbelow (\inverted hierarchy")the solarpair,and experim enthasnot
yetsettheabsolutescaleofneutrino m asses.Figure4showsthenorm aland inverted spectraasfunctionsofassum ed
valuesforthe m assofthe lightestneutrino.
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FIG .4: Favored valuesfor the light,m edium ,and heavy neutrino m asses m ‘,m m ,m h,as functionsofthe lightest neutrino
m assin thethree-neutrino oscillation scenario forthenorm al(leftpane)and inverted hierarchy (rightpane).W etakethesolar





















D . C haracter ofthe R elic N eutrino B ackground



























where(3) 1:20205 isRiem ann’szeta function.In thepresentUniverse,with a photon tem peratureT0 = (2:725
0:002)K [18],the photon density is
n0  n(T0) 410 cm
 3
: (13)
The present photon density provides a benchm ark for other big-bang relics. The essentialobservation is that
neutrinosdecoupled when the cosm ic soup cooled to around 1 M eV,so did notshare in the energy released when
electrons and positrons annihilated at T  me,the electron m ass. Applying entropy conservation and counting
4 The review article by Steigm an [60] is a good introduction to this subject. W e adopt units such that h = 1 = c, and we will
m easure tem perature in kelvins or electron volts, as appropriate to the situation. The conversion factor is Boltzm ann’s constant,
k = 8:617343  10 5 eV K  1 .
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T0 = 1:945 K ; 1:697 10
 4 eV : (15)

































In the presentUniverse,the num berdensity ofeach (active)neutrino orantineutrino speciesis5
ni0  ni(T0) 56 cm
 3
; (18)






 T0  3:151T0  5:314 10
 4 eV ; (19)
















2  3:597T0  6:044 10
 3 eV : (21)
W ith our(partial)knowledge ofneutrino m asses,we can estim ate the contribution ofneutrinosto the density of
the current universe. The left-hand scale ofFigure 5 shows the sum m ed neutrino m asses m 1 + m 2 + m 3 for the










 0:11 eV in the case ofthe inverted hierarchy.






 104 eV cm  3 = 5:6 103 eV cm  3 ; (22)
where we have taken the reduced Hubble constant to be h = 0:73. This is m easured by the right-hand scale in
Figure5.W end thatneutrinoscontribute
  > (1:2;2:2) 10
 3 forthe(norm al,inverted)spectrum ,and no m ore
than 10% ofcriticaldensity,should the lightestneutrino m assapproach 1 eV.Com bining (22)and (18),we deduce





 50 eV ; (23)
5 U nconventionalneutrino historiescan alterthisexpectation. Theseincludelepton asym m etriesin theearly universe,neutrino clustering,
and a neutrinoless universe.Fora briefsurvey,with references,see xV ofR ef.[61].
6 Thisline ofargum ent m ay be traced to R efs. [24,25,63,64].
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FIG .5:Contributionsofrelic neutrinosto them assdensity oftheUniverse,asfunctionsofthem assofthelightestneutrino,
forthe norm al(solid line)and inverted (dashed line)m asshierarchies.
so long asneutrinosare stable on cosm ologicaltim e scalesand thatthe expected neutrino density isnoterased by
interactionsbeyond the standard electroweak theory [65].7
Neutrinos inuence uctuations in the cosm ic m icrowave background,aect the developm entofdensity pertur-
bations that set the pattern oflarge-scale structure,and m odulate the baryon acoustic oscillations. Analyses of
the interplay between neutrinosand astronom icalobservablesprovideboundson the sum ofneutrino m asses,m any
ofwhich are com piled in Refs.[8,67,68,69,70]. Depending on the richness ofthe data set considered and the
specicity ofthe assum ed cosm ologicalscenario,recent inferences range from  1:5 eV [26,71]to approxim ately
0:6 eV [26,71,72,73]to < 0:2 eV [73,74,75,76]. These provocative constraints are less secure than the bound
(23) derived from  < c,but they are highly suggestive. It is worth noting that detection oflate-tim e neutrino
inuence m ay im ply an im proved lowerbound on the neutrino lifetim e [77].Itwillbe very interesting to watch the
evolving conversation between directm easurem entsand indirectinferences[20,78,79].
E. Ferm ion m asses and m ixings
In the standard electroweak theory,ferm ion m ass arises from gauge-invariantYukawa interactions between the
com plex scalar elds  introduced to hide the electroweak sym m etry and the quarks or charged leptons. For the
leptons(‘runsovere;;),the Yukawa term is







where the spinors L‘ and R‘ are dened in (3) and (4);a sim ilar interaction appears for quarks. Self-interactions
am ong the scalarsm ay contriveto hide the gaugesym m etry.The \Higgspotential" hasthe form
V (y)= 2(y)+ jj(y)2: (25)


































FIG .6:Yukawa couplingsi = m i=(v=
p
2)inferred from the m assesofthe quarksand charged leptons.
Theelectroweak sym m etry isspontaneously broken iftheparam eter2 istaken to benegative.In thatevent,gauge












  2=jj= (G F
p
2) 1=2  246 G eV.
W hen the electroweak sym m etry is spontaneously broken,the electron m ass em erges as m e = ev=
p
2. Each
ferm ion m ass involves a distinct Yukawa coupling . The Yukawa couplings that reproduce the observed quark
and charged lepton m assesrange overm any ordersofm agnitude,asshown in Figure 6. The origin ofthe Yukawa
couplingsisobscure:they do notfollow from a known sym m etry principle,forexam ple.In thatsense,therefore,all
ferm ion m assesinvolve physics beyond the standard m odel.
W em ay seek to accom m odateneutrino m ass8 in theelectroweak theory by adding to thespectrum a right-handed












LN R + N R L

; (27)
where  = i2
 is the com plex conjugate ofthe Higgsdoubletand m D = v=
p
2. A Dirac m assterm conserves
the additive lepton num berL thattakeson the value + 1 forneutrinosand negatively charged leptons,and   1 for
antineutrinosand positivelychargedleptons.Toaccountfortheobservedtinynessoftheneutrinom asses,m  < 1 eV,
theYukawa couplingsm ustbeextraordinarily sm all, < 10
 11 .W hetherthey arequalitatively m orepuzzling than
thefactorof3 105 thatseparatestheelectron and top-quark Yukawa couplingsisfornow a question forintuition.
M atters oftaste aside,we have another reason to consider alternatives to the Dirac m ass term : unlike allthe
other particles that enter the electroweak theory,the right-handed neutrinos are standard-m odelsinglets. Alone
am ong thestandard-m odelferm ions,they m ightbetheirown antiparticles,so-called M ajoranaferm ions.Thecharge
8 Forsurveys ofattem pts to understand neutrino m asses,see R efs.[36,80,81,82,83].
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conjugateofa right-handed eld isleft-handed, c
L
 ( c)L = ( R )
c.M ajorana m assterm sconnecttheleft-handed
and right-handed com ponentsofconjugateelds,
  LM A = A(
c
R L + L
c
R )= A 





L)= B !! : (28)
The self-conjugateM ajorana m asseigenstatesare









A M ajorana ferm ion cannot carry any additive quantum num ber. The m ixing ofparticle and antiparticle elds
m eansthattheM ajorana m assterm scorrespond to processesthatviolatelepton num berby two units.Accordingly,
the exchange ofa M ajorana neutrino can m ediate neutrinolessdouble beta decay,(Z;A)! (Z + 2;A)+ e  + e  .
Detecting neutrinolessdouble beta decay [84,85,86,87]would oer decisive evidence for the M ajorana nature of
the neutrino.
The m assofthe active L m ay be generated by a Higgstripletthatacquiresa vacuum expectation value [88],or
by an eectiveoperatorthatinvolvestwo Higgsdoubletscom bined to transform asa triplet[89].
Itisinterestingtoconsiderboth Diracand M ajoranaterm s,and specically toexam inethecasein which M ajorana
m assescorresponding to an active state  and a sterile state ! arise from weak triplets and singlets,respectively,






M 3 m D







In the highly popularseesaw lim it[90,91,92,93,94],with M 3 = 0 and m D  M 1,diagonalizing the m assm atrix
(30)yieldstwo M ajorana neutrinos,
















 m D m 2  M 1 : (32)
Theseesaw producesoneveryheavy\neutrino"and oneneutrinom uch lighterthan atypicalquarkorcharged lepton.
M any alternativeexplanationsofthesm allneutrino m asseshavebeen explored in theliterature[95],including som e
in which colliderexperim entsexploring the Ferm iscalecould revealthe origin ofneutrino m asses[96].











 + h.c.; (33)
where the neutrino m ixing m atrix [97],som etim escalled the Pontecorvo [98]{M aki-Nakagawa-Sakata [99](PM NS)
















0:79  0:88 0:47  0:61 < 0:20
0:19  0:52 0:42  0:73 0:58  0:82


































































FIG .7: Left pane: e;; avor content ofthe neutrino m ass eigenstates 1;2;3. The green hexagons denote central
values,with  = 0 and 13 = 10

.Variationsin theatm ospheric angle 23 areindicated by thepointsarrayed roughly parallel
to the  scale. Variations in the solar angle 12 are depicted by the green sym bols arrayed roughly perpendicular to the 
scale.Rightpane:d;s;b com position ofthe quark avoreigenstatesd0 (4 ),s0 (5 ),b0 (tripod).































whereweabbreviatesij = sinij,cij = cosij,and  isa CP-violating phase.
G lobalts [100,101,102]restrict the m ixing param eters to the ranges 30 < 12
<
 38




 for atm ospheric oscillations,13 < 10
,and leave  unconstrained. These param eterrangeslead
to the avor content ofthe neutrino m ass eigenstates depicted in the left pane ofFigure 7,where centralvalues
(xing  = 0 and 13 = 10
)areindicated by the green hexagons.W e observethat3 consistsofnearly equalparts
of and ,perhaps with a trace ofe,while 2 contains sim ilar am ounts ofe,,and ,and 1 is rich in
e,with approxim ately equalm inority parts of and . The observed structure ofthe neutrino m ixing m atrix
diersgreatly from the pattern ofthe m orefam iliar(Cabibbo{K obayashi{M askawa)quark m ixing m atrix,which is
displayed graphically in the rightpaneofFigure7.
III. N EU T R IN O O B SERVA T O R IES
A . G eneralities
An early goalofthe nextgeneration ofneutrino telescopeswillbe to detectthe ux ofcosm ic neutrinosthatwe
believewillbegin to show itselfabovethe atm ospheric-neutrino background atenergiesofa few TeV [103].A short







sum m ary ofthescienceprogram oftheseinstrum entsisto prospectforcosm ic-neutrinosources,to characterizethose
sources,to study neutrino properties,and to be sensitive to new phenom ena in particle physics[7,104,105]. The
expected sourcesinclude active galactic nuclei(AG N) at typicaldistances ofroughly 100 M pc  3:1 1024 m . If
neutrinosareproduced therein thedecay ofpionscreated in pp orp collisions,then weanticipate| atthesource|
equalnum bersofneutrinosand antineutrinos,with a avorm ix 2 + 2 + 2 + 1e + 1e,provided thatallpions









W e expectthata neutrino observatory with an instrum ented volum e of1 km
3
willbe able to survey the cosm ic-
neutrino ux overa broad range ofenergies,principally by detecting the charged-currentinteraction (;)N !
(  ;+ )+ anything.Im portantopen questionsarewhetherwe can achieveecient,calibrated ( e;e)and (;)
detection,and whetherwecan record and determ inetheenergy ofneutral-currentevents.Adding thesecapabilities
willenhancethe scienticpotentialofneutrino observatories.
B . D eeply inelastic scattering
The crosssection fordeeply inelastic scattering on an isoscalarnucleon m ay be written in term s ofthe Bjorken












xq(x;Q 2)+ xq(x;Q 2)(1  y)2

; (37)
where   Q2 is the invariantm om entum transfer between the incident neutrino and outgoing m uon, = E   E
is the energy loss in the lab (target) fram e, M and M W are the nucleon and interm ediate-boson m asses, and
G F = 1:16632 10
 5 G eV
 2






















where the subscripts v and s labelvalence and sea contributions,and u,d,c,s,t,b denote the distributions for
variousquark avorsin a proton.TheW -boson propagator,which hasa negligibleeectatlow energies,m odulates
the high-energy crosssection and hasim portantconsequencesforthe way the crosssection iscom posed.
Iwasdrawn to thisproblem by theobservation [106]thattheW -boson propagatorsqueezesthesignicantcontri-
butionsoftheparton distributionstoward sm allervaluesofx with increasingenergy.TheretheQ CD-induced growth
ofthe sm all-x parton distribution enhances the high-energy cross section. This stands in contrastto the fam iliar
eectofQ CD evolution atlaboratory energies,which isto dim inish thetotalcrosssection asthevalencedistribution
isdegraded athigh valuesofQ 2.Atthatm om ent,m y colleaguesand Ihad developed forourstudy ofsupercollider
physics[107]the rstall-avorsetofparton distributionsappropriate forapplicationsatsm allx and large Q 2,so
I had in m y hands everything needed for a m odern calculation ofthe charged-current cross section at ultrahigh
energies. In a sequence ofworks on the problem [108,109,110,111],we have tracked the evolving experim ental
understanding ofparton distributionsand investigated m any facetsofultrahigh-energy neutrino interactions.
Let us recallsom e ofthe principallessons. The valence contribution,which dom inates at laboratory energies,
becom esnegligible aboveabout1016 eV,whereasstrange-and charm -quark contributionsbecom e signicant.Con-
tributionsfrom sm allvaluesofx becom eincreasingly prom inentastheneutrino energy increases.AtE  = 10
5 G eV,
nearly allofthe cross section com es from x > 10
 3 ,but by E  = 10
9 G eV,nearly allofthe cross section lies



















FIG .8:Leftpane:The solid curve showsthe charged-currentN crosssection calculated using the CTEQ 6 parton distribu-
tions[114];the dash-dotted line showsthe situation in 1986,using Set2 ofthe EHLQ parton distributions[107].The dotted
curve shows the energy dependence ofthe cross section withoutQ CD evolution,i.e.,with the EHLQ distributions frozen at
Q
2 = 5 G eV 2 [112]. The long-short dashed curve shows the prediction ofa structure function that satises the Froissart
bound for very low x and very large Q
2
[115]. Right pane: Cross sections for neutrino interactions on electron targets. At
low energies,from largestto sm allestcrosssection,the processesare (i) ee ! hadrons,(ii)e ! e,(iii)ee! ee,(iv)
ee! ,(v) ee! ee,(vi)e! e,(vii) e! e [110].
uncertaintiesand the possible inuenceofnew phenom ena on the totalcrosssection [112].10
The left pane ofFigure 8 com pares our rst calculation,using the 1984 EHLQ structure functions, with the
m odern CTEQ 6partondistributions[114].Atthehighestenergiesplotted,thecrosssection isabout1:8 ouroriginal
estim ates,becausetoday’sparton distributionsrisem oresteeply atsm allx than did thoseoftwodecadesago.HERA
m easurem entshaveprovided thedecisivenew inform ation [116,117,118].At1012 G eV,theQ CD enhancem entofthe
sm all-x parton density hasincreased thecrosssection sixty-fold overtheparton-m odelprediction withoutevolution.
An ongoing concern,addressed in recentstudies[115,119],iswhetherthedensity of\wee" partonsbecom esso large
atrelevantvaluesofQ 2 thatrecom binationorsaturationeectssuppresssm all-x crosssections.HERA m easurem ents
ofthecharged-currentreaction ep !  + anything atan equivalentlab energy near40 TeV observethedam ping due
to the W -boson propagatorand agreewith standard-m odel.The rightpane ofFigure 8 showsthe interaction cross
section forneutrinoson electronsin the Earth,which isgenerally severalordersofm agnitude longerthan the N
interaction length.An im portantexception isthe ee! W
  resonanceatE   6 10
15 eV.
The rising cross sections have im portant im plications for neutrino telescopes. Figure 9 shows that the Earth
is opaque to neutrinos with energies above 40 TeV. This m eans that the strategy oflooking down to distinguish
charged-currentinteractionsfrom the rain ofcosm ic-ray m uonsneedsto be m odied athigh energies.O n the other
hand,theUniverseatlargeisso exceptionally poorin nucleons(only onein every 4 m 3 on average),and so the(N )
interaction length ofultrahigh-energy neutrinos in the cosm os is eectively innite: a path of8 105 M pc in the
currentUniversehasa depth ofonly 1 cm we.
10 Fora new calculation based on the ZEU S-S globalts and incorporating heavy-quark threshold corrections,see R ef.[113].
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FIG .9: Interaction length L
N
int = 1=N (E )N A ,where N A is Avogadro’s num ber,for the reactions N ! anything as a
function oftheincidentneutrinoenergy.Theleft-hand scale,in cm we,isappropriateforterrestrialapplications;theright-hand
scale,in M pc forthe currentUniverse,isappropriate fortransportovercosm ologicaldistances[61,111].
C . Inuence ofN eutrino O scillations
In the early days ofplanning for neutrino telescopes,people noticed that observing  production through the
double-bang signature [120]m ightprovide evidence forneutrino oscillations,since| to good approxim ation| no 
areproduced in conventionalsourcesofultrahigh-energy neutrinos.Thediscovery ofneutrinooscillationsisofcourse
already m ade;the phenom enon ofneutrino oscillationsm eansthatthe avorm ixture atEarth, = f’ e;’;’g,










j 2:5 10 24 M pc (E=1 eV) (39)
isa fraction ofa m egaparsec,even forE  = 10
20 eV. Accordingly,neutrinososcillate m any tim esbetween cosm ic
sourceand terrestrialdetector.



















































where x = sin2 12 cos
2 12. Because the second and third rowsare identical,the  and  uxesthatresultfrom
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FIG .10:Ternary plotsoftheneutrino ux  atEarth,showing theim plicationsofcurrent(leftpane)and future(rightpane)
knowledge ofneutrino m ixing. The sm allblack squares indicate the e fractions produced by the idealized transfer m atrix
X ideal as’
0


















;0g. Colored swaths delim itthe uxesatEarth





(orange),using 95% CL ranges for the oscillation param eters. Black crosses ( ) show the m ixtures at Earth that follow
from neutrino decay,assum ing norm al(’e  0:7) and inverted (’e  0) m ass hierarchies. The blue bands at far left show
how currentand future uncertaintiesblurthe predictionsforneutrino decays.The violettripod indicateshow CPT-violating
oscillations shape the m ix ofantineutrinos that originate in a standard source m ixture,and the violet cross averages that
 m ixture with the standard neutrino m ixture. The brown squares denote consequences ofCPT violation for antineutrino
decays[122].










The variation of ’e with the e source fraction ’
0
e is shown as a sequence of sm allblack squares (for ’
0
e =
0;0:1;:::;1)in Figure10 forthevaluex = 0:21,which correspondsto 12 = 0:57,thecentralvaluein a recentglobal
analysis[121].Thee fraction atEarth rangesfrom 0:21,for’
0
e = 0,to 0:59,for’
0
e = 1.
Thesim pleanalysisbased on Xidealisusefulfororientation,butitisim portanttoexploretherangeofexpectations
im plied by globaltsto neutrino-m ixing param eters.W e take[122]0:49< 12 < 0:67,

4























! std forany valueof12,itdoesnotcom easa greatsurprisethatthetargetregion isoflim ited
extent.The variation of23 away from

4
breaksthe identity ’  ’ ofthe idealized analysis.
O negoalofneutrino observatorieswillbeto characterizecosm icsourcesby determ ining thesourcem ix ofneutrino
avors.Itisthereforeofinterestto exam inetheoutcom eofdierentassum ptionsaboutthesource.W eshow in the
leftpane ofFigure 10 the m ixturesatEarth im plied by currentknowledge ofthe oscillation param etersforsource
uxes 00 = f0;1;0g (the purple band near’e  0:2)and 
0
1 = f1;0;0g (the orange band near’e  0:6). Forthe
0
std
and 01 sourcespectra,theuncertainty in 12 isreected m ainly in thevariation of’e,whereastheuncertainty
in 23 isexpressed in the variation of’=’ Forthe 
0
0 case,the inuence ofthe two anglesisnotso orthogonal.
Forallthesourcespectra weconsider,theuncertainty in 13 haslittle eecton theux atEarth.Theextentofthe
three regions,and the absence ofa clean separation between the regionsreached from 0
std
and 00 indicates that
11 Iowe thisform ulation to Stephen Parke.
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FIG .11:The source ux ’ 0e ofelectron neutrinosreconstructed from the e ux ’ e atEarth,using the idealtransferm atrix
X ideal ofEqn.(41).Theheavy solid linerefersto 12 = 0:57.Thelightbluelinesreferto thecurrentexperim entalconstraints
(at95% CL),and the thin solid linesreferto a projection offuture experim entalconstraints[122].
characterizing the sourceux willbe challenging,in view ofthe currentuncertaintiesofthe oscillation param eters.
W eanticipated im provedinform ation on 12 and 23 from K am LAND and thelong-baselineacceleratorexperim ents
at Soudan and G ran Sasso roughly on the tim e scale on which large-volum e neutrino telescopes willcom e into
operation.W e based ourprojectionsforthe future on the ranges0:54 < 12 < 0:63
12 and 
4




stillwith 0 < 13 < 0:1. The results are shown in the right pane ofFigure 10. The (purple) target region for




conned around  std.The(orange)region m apped from thesourceux 
0
1 by oscillationsshrinksby abouta factor
oftwo in the ’e and ’   ’ dim ensions.
D . R econstructing the N eutrino M ixture at the Source
W hat can observations ofthe blend  ofneutrinos arriving at Earth tellus about the source [122]? Inferring
the nature ofthe processes that generate cosm ic neutrinos is m ore com plicated than it would be ifneutrinos did
not oscillate. Because  and  are fully m ixed| and thus enter identically in Xideal| it is not possible fully to
characterize 0. W e can,however,reconstruct the e fraction at the source as ’
0
e = (’e   x)=(1   3x),where
x = sin2 12 cos
2 12. The reconstructed source ux ’
0
e isshown in Figure 11 asa function ofthe e ux atEarth.
Theheavy solid linerepresentsthebest-tvaluefor12;thelightbluelinesand thin solid linesindicatethe current
and future 95% CL boundson 12.
A possible strategy for beginning to characterize a source ofcosm ic neutrinos m ight proceed by m easuring the
e= ratio and estim ating ’e under the plausible assum ption| later to be checked| that ’ = ’. Very large
(’e > 0:65)orvery sm all(’e
<
 0:15)e uxescannotbeaccom m odated in thestandard neutrino-oscillation picture.
O bserving an extrem ee fraction would im plicate unconventionalphysics.
Determ ining theenergy dependenceof’0e m ay also beofastrophysicalinterest[123].In a thick source,thehighest
12 The latestK am LA N D + solar-neutrino analysisdoes even better: 0:575 < 12 < 0:63 [52].
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energy m uons m ay interact and lose energy before they can decay. In the lim it of’0e = 0,the arriving ux will




(1   x)g  f0:22;0:39;0:39g (cf.Figure10). M ore generally,m easured e fractions that
departsignicantly from thecanonical’e =
1
3
would suggestneutrino sourcesthatarein som eway nonstandard.An










Constraining the source ux suciently to testthe nature ofthe neutrino production processwillrequire rather
precise determ inationsofthe neutrino ux atEarth.Suppose we wantto testthe idea thatthe sourceux hasthe
standard com position 0
std
. W ith today’s uncertainty on 12,a 30% m easurem ent that locates ’e = 0:33 0:10




 0:68. For a m easured ux in the neighborhood of
1
3
, the uncertainty in the solar





 0:59. A 10% m easurem entofthe e fraction,’e = 0:33 0:033,would m ake possible a rather









 0:45 with currentuncertainties.
E. Inuence ofN eutrino D ecays
To this point, we have considered the neutrinos to be stable particles. \Invisible" decays,such as the decay
ofa heavy neutrino into a lighter neutrino plus a very light| or m assless| (pseudo)scalar boson such as the m a-
joron [124, 125]are not very wellconstrained by observations [40, 126]. [A m ajoron too m assive to serve as a
neutrino decay productcan neverthelesshave im portantconsequencesforcosm ology,including deviationsfrom the
standard expectationsfortheradiation energy density and changesin thepositionsofpeaksin thecosm icm icrowave
background power spectrum [127].] IfCPT invariance holds,SN1987a data set an upper lim it on the lifetim e of
the lightest neutrino of‘=m ‘ > 10
5 s/eV.O bservations ofsolar neutrinos lead to 2=m 2 > 10
 4 s=eV. Finally,





Theseratherm odestlim itsopen thepossibility thatsom eneutrinosdo notsurvivethejourney from astrophysical
sources.Decaysofunstableneutrinosovercosm icdistancescan lead to m ixturesatEarth thatareincom patiblewith
the oscillationsofstableneutrinos[40,122,126].Thecandidate decaysaretransitionsbetween m asseigenstatesby
em ission ofa very lightparticle,i ! (j;j)+ X . Dram atic eectsoccurwhen the decaying neutrinosdisappear,
either by decay to invisible products or by decay into active neutrino species so degraded in energy that they
contributenegligibly to the totalux atthe lowerenergy.
If the lifetim es of the unstable m ass eigenstates are short com pared with the ight tim e from source to







2,with ’ = e’=
P

e’.Should only thelightestneutrino survive,theavorm ix of
neutrinosarriving atEarth isdeterm ined by the avorcom position ofthe lightestm asseigenstate,independentof
the avor m ix atthe source.
For a norm alm ass hierarchy m 1 < m 2 < m 3,the  ux atEarth is ’ = jU1j
2. Consequently,the neutrino
ux at Earth is  norm al = fjUe1j
2;jU1j
2;jU1j
2g. Ifthe m ass hierarchy is inverted,m 2 > m 1 > m 3,the lightest
(hence,stable)neutrino is3,so the avorm ix atEarth isdeterm ined by ’ = jU3j
2. In thiscase,the neutrino
ux atEarth is  inverted = fjUe3j
2;jU3j
2;jU3j
2g. Both norm al and inverted,which are indicated by crosses( )









g produced by the ideal
transfer m atrix from a standard source. O bserving either m ixture would representa departure from conventional
expectations.
Theuxesthatresultfrom neutrino decaysen route from thesourcesto Earth aresubjectto uncertaintiesin the
neutrino-m ixing m atrix.Theexpectationsforthetwo decay scenariosareindicated by theblueregionsin Figure10,
where we indicate the consequences of95% CL ranges ofthe m ixing param eters now and in the future. W ith
current uncertainties [101],the norm alhierarchy populates 0:60 < ’e
<
 0:73,and allows considerable departures
from ’ = ’. The norm al-hierarchy decay region based on current knowledge overlaps the avor m ixtures that
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FIG .12: Energy dependence ofnorm alized e,,and  uxes,forthe two-body decay ofthe two upperm ass eigenstates,
with the neutrino source atL = 100 M pc from Earth and =m = 1 s/eV. The left pane shows the resultfor a norm alm ass
hierarchy; the right pane shows the result for an inverted m ass hierarchy. W ith suitable rescaling ofthe neutrino energy
[E  = "(1 s=eV)=(=m ) L=(100 M pc)],these plotsapply forany com bination ofpath length and reduced lifetim e [122].
oscillations produce in a pure-e source,shown in orange. (It is,however,far rem oved from the standard region
thatencom passesstd.) W ith the projected tighterconstraintson the m ixing angles,the rangein ’e sweptoutby
oscillation from a pure-e sourceordecay from a norm alhierarchy shrinksby abouta factoroftwo,and isseparated
from theoscillations.Thedegreeofseparation between theregion populated by norm al-hierarchy decay and theone











The m ixtures that result from the decay ofthe heavierm em bers ofan inverted hierarchy entail’e  0. These
m ixtures are wellseparated from any that would result from neutrino oscillations,for any conceivable source at
cosm icdistances.
The energies ofneutrinos that m ay be detected in the future from AG Ns and other cosm ic sources range over
severalordersofm agnitude,whereasthe distancesto such sourcesvary overperhapsone orderofm agnitude. The
neutrino energy sets the neutrino lifetim e in the laboratory fram e; m ore energetic neutrinos survive over longer
ightpathsthan their lower-energy com panions. [A sim ilarphenom enon isfam iliarforcosm ic-ray m uons.] Under
propitiouscircum stancesofreduced lifetim e,path length,and neutrino energy,itm ightbe possible to observe the
transition from m oreenergeticsurvivorneutrinosto lessenergeticdecayed neutrinos.














idealized case willillustrate the possibilities for observing the onsetofneutrino decay and estim ating the reduced
lifetim e. Assum e a norm alm asshierarchy,m 1 < m 2 < m 3,and considerthe specialcase 3=m 3 = 2=m 2  =m .
For a given path length L,the neutrino energy at which the transition occurs from negligible decays to com plete
decays is determ ined by =m . The left pane ofFigure12 shows the energy evolution ofthe norm alized neutrino
uxesarriving from a standard source;theenergy scaleisappropriateforthecase=m = 1 s/eV and L = 100 M pc.
Ifwe locate the transition from survivors to decays at neutrino energy E ?,then we can estim ate the reduced
lifetim e in term softhe distanceto the sourceas










FIG .13:Totalneutrino annihilation crosssection and thedierentcontributing channelsasa function oftheneutrino energy
assum ing a relic neutrino m assofm  = 10
 5
eV and zero redshift[61].
In practice,ultrahigh-energy neutrinos are likely to arrive from a m ultitude ofsources at dierent distances from
Earth,so the transition region willbe blurred.Nevertheless,itwould be rewarding to observethe decay-to-survival
transition,and to use Eqn.(42) to estim ate| even within one or two orders ofm agnitude| the reduced lifetim e.
Ifno evidence appearsfora avorm ix characteristic ofneutrino decay,then Eqn.(42)providesa lowerbound on
the neutrino lifetim e. Forthatpurpose,the advantage fallsto large valuesofL=E ?,and so to the lowestenergies








incom patible with neutrino decay,would strengthen the currentbound on =m by som eseven ordersofm agnitude,
for10-TeV neutrinosfrom sourcesat100 M pc.
IV . N EU T R IN O A B SO R P T IO N SP EC T R O SC O P Y
The neutrino gasthatwe believe perm eatesthe presentUniverse hasneverbeen detected directly. The exam ple
ofthe ee
  ! W   \G lashow resonance" [128]hasm otivated studiesoftheresonantannihilation ofextrem ely-high-
energy cosm ic neutrinoson background neutrinosthrough the reaction  ! Z0 [129,130,131,132,133,134,135,
136].Thecom ponentsoftheneutrino-(anti)neutrino crosssectionsareshown in Figure13.Thefeaturethatm atters
is the Z 0-form ation line that occurs near the resonant energy E Z res = M
2
Z =2m i. The sm allness ofthe neutrino
m asses(cf.Figure 4)m eansthatthe resonantenergiesare extrem ely high. Ifitwere possible to observe Z-bursts
orabsorption lines,onecould hopeto conrm thepresenceofrelicneutrinosand learn theabsoluteneutrino m asses
and theavorcom position oftheneutrino m asseigenstates.To givean overview oftheprospectsforcosm ic-neutrino
annihilation spectroscopy,Isum m arize som e ofthe m ain ndingsfrom a detailed study thatG abriela Barenboim ,
O lga M ena,and Icarried outrecently [61].
Im agine rst a toy experim ent,in which an extrem ely high-energy neutrino beam traversesa very long colum n
with the relic-neutrino propertiesofthe currentUniverse. Neglect for now the expansion ofthe Universe and the
therm alm otion ofthe relic neutrinos.The \cosm icneutrino attenuator" isthusa colum n oflength L with uniform
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FIG .14:Interaction lengths(forD irac relic neutrinos)versusredshiftattheZ
0
resonance forneutrino m assesm  = 10
 3
eV
(leftpane)and 10 1 eV (rightpane).The left-hand scalesare in centim eters,the right-hand scalesin m egaparsecs[61].
neutrino density n0 = 56 cm
 3 ofeach neutrino species,e;e;;;;.Ifthecolum n ofrelicneutrinosisthick
enough to attenuate neutrinos appreciably through resonant absorption at the Z 0 gauge boson,the energies that
display absorption dipspointto the neutrino m assesthrough the resonant-energy condition.The relative depletion
ofe;; in each ofthe linesm easuresthe avorcom position ofthe corresponding neutrino m asseigenstate.
Even ifwe had at our disposalan adequate neutrino beam (with energies extending beyond 1026 eV),the tim e
required to traverseoneinteraction length for ! Z0 annihilation on therelicbackground in thecurrentUniverse
is 1:2 104 M pc = 39 G ly. This exceeds the age ofthe Universe,not to m ention the hum an attention span! If
we are ever to detect the attenuation ofneutrinos on the relic-neutrino background,we shallhave to m ake use of
astrophysicalorcosm ologicalneutrinossourcestraversingtheUniverseovercosm ictim escales.Theexpansion ofthe
Universe overthe propagation tim e ofthe neutrinosentailsthree im portanteects: the evolution ofrelic-neutrino
density,the redshiftofthe incidentneutrino energy,and the redshiftofthe relic-neutrino tem perature.
In an evolving Universe,the colum n density ofrelic neutrinos is proportionalto (1 + z)2=H (z),where z is the
redshift and H (z) is the Hubble param eter. The resulting decrease ofinteraction lengths with increasing redshift
shown in Figure14 revealsthatfor1 < z
<
 10,theinteraction length m atchesthedistanceto theAG Nsweconsider
asplausibleUHE neutrinosources...though notperhapswith theenergiesrequired forthisapplication.To com pute
the absorption lines,wem ustpropagateultrahigh-energy neutrinosthrough an evolving Universe.
Thetiny neutrino m assm akesforanothercom plication:relicneutrinosarem oving targets,with theirm om entum
distribution characterized in the presentUniverse by Eq.(16). The therm alm otion ofthe neutrinosgivesrise to a
Ferm i(m om entum )sm earing ofthe UHE-{relic- crosssection. The resonantincident-neutrino energy fora relic





2("   p cos)
; (43)
where p and " are the relic-neutrino m om entum and energy. The angle  characterizesthe direction ofthe relic
neutrino with respectto the line ofightofthe incident UHE neutrino. Accordingly,the resonantenergy willbe








FIG .15:Survivalprobabilitiesfore,,and  asa function oftheneutrino energy,afterintegration back to redshiftz = 20,
taking into accountthe Ferm ism earing induced by the therm alm otion ofthe relic neutrinos.The resultsapply fora norm al
hierarchy with lightestneutrino m assm ‘ = 10
 5








1=2 playsthe role ofan eective relic-neutrino m ass. The root-m ean-squarerelic-neutrino
m om entum ,which rangesfrom 6 10 4 eV in thepresentUniverseto 2:5 10 2 eV atredshiftz = 20,thusserves
asa rough lowerbound on the eective neutrino m ass. Ata given redshift,the resonance peak forscattering from
any neutrino with m  < h"iwillbe changed signicantly.
The absorption linesthatresultfrom a fullcalculation,including the eectsofthe relics’Ferm im otion and the
evolution oftheUniverseback to redshiftz = 20,areshown in Figure15 fortwo valuesofthelightestneutrino m ass,
m ‘ = 10
 5 and 10 3 eV.Although the linesaredistorted and displaced from theirnaturalshapesand positionsby
redshifting and Ferm im otion,they would neverthelessconrm our expectationsfor the relic neutrino background
and give im portantinform ation aboutthe neutrino spectrum .In particular,the e= ratio,shown in Figure 16,is
a m arkerforthe norm alorinverted m asshierarchy.
Atleastin principle,theobservation ofcosm ic-neutrinoabsorption lineswould open theway to new insightsabout
neutrino propertiesand the therm alhistory ofthe universe.How the tale unfoldswilldepend on factorswe cannot
foresee.The earlierin redshiftthe relevantcosm ic-neutrino sourcesappear,the lowerthe present-day energy ofthe
absorption linesand thedenserthecolum n ofrelicsthesuper-high-energy neutrinosm usttraverse.In particular,the
appearanceofdipsatenergiesm uch lowerthatweexpectpointstoearly| presum ablynonacceleration| sources,that
could giveusinsightinto fundam entalphysicsatearly tim esand high energy scales.O n theotherhand,integration
overa longerrangein redshiftm eansm oresm earing and distortion ofthe absorption lines.
Ifitcan be achieved atall,the detection ofneutrino absorption lineswillnotbe done very soon,and the inter-
pretation islikely to requirem any wavesofobservation and analysis.Nevertheless,observationsofcosm ic-neutrino
absorption linesoerthe possibility to establish the existence ofanotherrelic from the big bang and,conceivably,
they m ay open a window on periodsofthe therm alhistory ofthe universenotreadily accessibleby otherm eans.
V . C O N C LU D IN G R EM A R K S
Just as new revelations about neutrino properties are enriching our understanding ofparticle physics,neutrino
astronom y,astrophysics,and cosm ologyareblossom ing.In thisshorttour,Ihavehad toom itm any topicsofinterest,
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FIG .16: Flux ratios e= and = at Earth, for norm al(left pane) and inverted (right pane) m ass hierarchies with
m ‘ = 10
 5
eV,afterintegration backtoredshiftz = 20and atherm alaveragingovertherelic-neutrinom om entum distribution.
The scale atthe top showsthe neutrino m assdened asm  = M
2
Z =2E  thatwould be inferred ifneutrino energieswere not
redshifted [61].
so Iclosewith a shortguide to the literatureon som eofthe neglected topics.
The r^ole oflight neutrinos in cosm ology was explored early on [137],and at a certain m om ent the possibility
ofa neutrino-dom inated Universe had som e currency [138]. JoelPrim ack reviewed the progression ofdark-m atter
candidates,neutrinosincluded,in hisSSIlecture[139].
W enow expectneutrinostocontributeadash ofhotdarkm attertothecom position oftheUniverse.Neutrinosm ay
signaldark-m atterannihilationsatthecenterofourgalaxy [140,141,142,143,144],butratesm ay beunobservably
sm allwithouta signicantboostfrom dark-m atterclum ping [145].Theconnection between dark m atterand collider
physics is em phasized in [146,147]. Coannihilation ofcosm ic neutrinos on dark-m atter particles appears to be a
negligiblesourceofindirectdark-m attersignals[148].
Neutrinosm ay be relevantto two outstanding challengesin cosm ology.Underthe rightcircum stances,a lepton{
antilepton asym m etry in the early Universe drive the m atter excess we observe today. The leptogenesis scenario
is reviewed in [67,149,150]. M ass varying neutrinos can behave as a negative-pressure uid that could be the
origin ofthe accelerated expansion ofthe Universe [151,152,153]. This approach aim s to correlate the range of
neutrino m assessuggested by neutrino-oscillation experim entswith the scaleofthe cosm ologicalconstantem ployed
to param etrizethecosm icacceleration,  (a few m eV)4.
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